This review is concerned with (1) certain physiological and structural changes produced in tissues of the central nervous system caused by high level ultrasound and (2) investigations into the physical mechanisms underlying these changes.
The physical basis for the ultrasonically produced biological effects has been investigated in part. The following aspects of temperature have been analyzed and rejected: (1) High average (space) level, (2) interface heating, (3) rapid time rate of change, (4) temperature changes resulting from cavitation, (5) heating at gas nuclei. The phenomenon of cavitation is also shown to play no essential direct role in producing the effects. effects. '-4 The extensive European work •,6 on the action of ultrasound on tissue will not be discussed since the effects considered here appear to be limited to sound levels in excess of those used by most European investigators. A similar statement applies to the research reported by other investigators in this country. ? Lehmann's research on the mechanism of action of ultrasound on tissue, s at sound levels used in therapy, demonstrates that the temperature factor is of primary importance.
It is convenient to subdivide the subject matter of this paper into two catagories: (1) changes in structure and function resulting from the action of ultrasound on the organism, and (2) the physical mechanisms involved in the production of these changes.
H. PHYSIOLOGICAL AND STRUCTURAL CHANGES
The frog, Rana piplens, has served as a convenient biological test object for a number of the investigations on the effects of ultrasound on nerve tissue. When the lumbar enlargement of a frog spinal cord is irradiated with sound at a frequency of one megacycle and at a suitable• pressure amplitude, paralysis of the hind legs occurs. The duration of irradiation to produce paralysis must be greater than a minimum value which is dePendent on the acoustic pressure amplitude. The paraly- sis is present immediately after the irradiation and is permanent. Experiments have been performed on frogs with the spinal cord exposed by laminectomy and on intact animals. In the latter the sound passed through the overlying skin, muscle and bone. Physiologica ! salt solution is used as the coupling medium between the transducer and the animal. The results are the same whether the frog is initially at room temperature or at IøC when irradiated. The biologic effects of ultrasound and the underlying mechanisms appear to be the same whether the frogs are subjected to 1 or 13 atmospheres pressure at the time of radiation. The quantitative relation between acoustic pressure amplitude and time of irradiation for paralysis is presented in Fig. 1 , for a hydrostatic pressure of one atmosphere. We define a quantity, "the minimum time for paralysis," as the minimum period of irradiation which will result in paralysis of all frogs subjected to the radiation. As can be seen from the graph a straight line relationship exists between the reciprocal of this time and the driving crystal voltage which is proportional to the acoustic pressure amplitude. A similar relation between driving crystal voltage and reciprocal of paralysis time is obtained for frogs under a hydrostatic pressure of 13 atmospheres, as can be seen from Fig. 1 .
It is possible to obtain summation of successive subparalytic exposures to produce paralysis. The time course of recovery of the spinal cord of a frog from the effects of a subparalytic exposure is indicated in Fig. 2 . Frogs are exposed to a 5.4-second dose of radiation at an acoustic pressure amplitude which alone would produce paralysis in 7.8 seconds. At various times later these frogs are subjected to a second period of radiation at the same pressure amplitude. The minimum duration of the second exposure to produce paralysis is determined. The difference in the time interval for paralysis for a single exposure, and the duration required of a later exposure to produce paralysis is shown plotted as a function of the time interval between exposures. The data presented in the figure do not suggest a simple monotonic recovery process following exposure. However, the information obtained is insufficient to permit description of the recovery process in any detail.
In addition to the irreversible changes produced by ultrasound in the central nervous system of frogs which result in paralysis and anesthesia, we have obtained indications of reversible changes as follows (unpublished data): One branch of the sciatic nerve, the tibial, is excited electrically and the reflex discharge through the spinal cord is observed electrically on the peroneal branch of the sciatic. The cord is then subjected to a pulse of acoustic radiation with a pressure amplitude above the threshold value for paralysis. The reflex discharge can be completely suppressed by a pulse whose duration is less than that required for paralysis. When such is the case, essentially complete recovery ensues. It appears at present that by appropriate choice of the pulse length and the time interval between irradiations ACTION OF ULTRASOUND ON NERVE TISSUE 3 this sequence of events can be repeated indefinitely or can be designed to result in permanent suppression, i.e., the frog is paralyzed, after any roughly prescribed number of repetitions. In contrast to the effects just described isolated peripheral nerves (frog sciatic and crayfish leg nerves) are insensitive to sound as measured in terms of threshold to electrical stimulation and the shape and size of the action potential. This statement is made for sound at pressure amplitudes in the range used at present to effect the changes in the central nervous system. Even exposures several orders of magnitude greater than those used to produce major changes in the central nervous system produce only minor changes in peripheral nerve, which are readily explained by the slight heating that OCCURS.
The results of the histological studies of ultrasonically irradiated tissue of the central nervous system of cats, rats, and frogs are described in detail in another paper.' For the purpose of a general review and as a background for the discussion of the physical mechanism contained herein pertinent results are briefly described in this paper. From the histological work an order of susceptability to change by the acoustic radiation has been Ultrasound doses which produce paralysis in frogs do no gross damage to the overlying skin, mugde and bone. All experiments on cats and rats have involved surgical removal of the bones overlying the areas to be irrae Wall, Tucker, Fry, and Mosberg (submitted for publication).
dinted. The bone was removed because of its high absorption for ultrasound at the frequency used.
The transducer used in irradiating cats and rats produces a beam which focuses at a distance of 6.4 cm from the transducer face. The intensity is down to 0.7 of the peak value in the radial direction of small gas nuclei, in the absence of tension forces, must also be considered in discussing the mechanism of the biological effects described in this paper. A mechanism based on the existence of such temperature changes is unlikely for the following reasons.
(a) Intracelhlar gas nuclei of diameters equal to or greater than about one-half of a micron would be detectable microscopically.
However, there is no evidence for the existence of such nuclei. We assume then that if gas nuclei are present they are less than one half of a micron in diameter. Since the maximum temperature change occurs, in the imbedding material, at the surface of the bubble, and since the temperature rise increases with an increase in bubble radius we require a numerical estimate for the temperature change at the surface of a gas nucleus with a diameter equal to one half of a micron. The following relation, derived by Rosenberg, •s will be used to obtain such an estimate. It is assumed that the gas filling the nucleus satisfies the conditions of a perfect gas and that the diameter of the fiucleus is restricted to values small compared to the wavelength of the acoustic disturbance. For a steady state condition, which need only be considered here because the times required to produce the biological effects described in this paper are very long compared to a period of the acoustic disturbance, Rosenberg obtains the following result for the difference between the temperature, Tin, at the surface of the bubble and the temperature, To, which the imbedding medium approaches as one moves away from the bubble surface.
[- ( (c) It would be necessary to assume in addition to the existence of gas nuclei, either that the population of such gas nuclei per unit volume is greater in large nerve cell bodies than in small and is especially low in axons, or that cells of different sizes and axons contain constituents which vary tremendously in their susceptibility to damage by temperature change. Such a possibility as the latter, concerning the temperature sensitivity of cellular constituents, seems hard to reconcile with the experimental evidence referred to above on the sensitivity to heat of the cells of the cerebral cortex.
B. Cavitation
The possible role of cavitation which one might investigate, after the temperature factor in a study of the physical mechanism by which ultrasound produces the changes in the central nervous system under review here has already received some consideration in the above analysis of the temperature factor. Three further comments might be added, the first is a direct consequence of the experimental results obtained under a hydrostatic pressure sufficiently high to insure that no tension forces exist in the material during acoustic propagation. It is the observation that cavitation is absent in the experiments performed under the increased pressure and therefore could not enter into the mechanism in any way. The second is the experimental observation that no tearing, vacuole formation, or gross disruption which would be expected to accompany cavitation was seen in tissue irradiated at one atmosphere pressure and fixed immediately after exposure. The third follows from studies of the pathology of decom- • H. R. Catchpole and I. C-ersh, Physiol. Rev. 27, 360 (1947).
